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Abstract 
 
Freshwater contributions and nitrogen sources in a South Texas 
estuarine ecosystem: a time-integrated story from stable isotope ratios 
in the eastern oyster (Crassostrea virginica) 
 
 
 
 
Karen Anne Bishop, MSMarineSci 
The University of Texas at Austin, 2012 
 
Supervisors:  James W. McClelland and Kenneth H. Dunton 
 
Changes in freshwater inputs due to water diversions and increased urbanization 
may alter the function and properties of estuarine ecosystems in South Texas. Freshwater 
and nitrogen inputs from the Mission and Aransas rivers to the federally designated 
Mission-Aransas National Estuarine Research Reserve (Mission-Aransas NERR) have 
received considerable attention in the past few years. However, freshwater inputs from 
two rivers (the San Antonio and Guadalupe rivers) that combine and drain into a 
neighboring bay (San Antonio Bay) may also provide a substantial nitrogen source to 
Aransas Bay, which is within the boundaries of the Mission-Aransas NERR. In order to 
study the influence of the San Antonio and Guadalupe rivers, an oyster species, 
Crassostrea virginica, was chosen to provide time-integrated information about 
 vii 
freshwater contribution as a nitrogen source within the bays. Chapter One addresses 
variations in isotope values (δ15N and δ13C) in oyster adductor muscle tissue from 2009-
2011 along a sampling transect from the head of San Antonio Bay through Aransas Bay. 
Stable carbon isotope values increased linearly from approximately -25 ‰ to -17 ‰, 
while stable nitrogen isotope values decreased from approximately +16 ‰ to +10 ‰ 
along this transect. The patterns in stable carbon and nitrogen isotope values are 
consistent with substantial mixing of river-supplied water and nitrogen from San Antonio 
Bay into Aransas Bay. Variations in nitrogen isotopic signature between periods of 
sustained drought and flood conditions were relatively small, suggesting that riverine 
nitrogen contributions were similar regardless of the amount of freshwater inflow 
observed during the time frame of this study. Chapter Two addresses the isotopic 
equilibration time for adult oyster adductor muscle tissue using a year-long transplant 
experiment (November 2010-November 2011). Full representation of ambient water 
isotopic composition in oyster adductor muscle tissues was determined to occur roughly a 
year after transplant. Oyster adductor muscle could therefore be useful for long-term 
monitoring of nitrogen contribution from freshwater sources, and would be valuable to 
include in concert with water sampling and analysis of other tissues that have shorter 
integration rates for a comprehensive view of an estuarine system.  
 viii 
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Chapter 1:  Carbon and nitrogen stable isotope ratios of oyster 
adductor muscle tissue as indicators of nitrogen contribution from the 
San Antonio and Guadalupe rivers 
ABSTRACT 
Natural abundance stable isotope ratios of carbon and nitrogen in oyster muscle 
tissue were used to determine the degree of influence that freshwater inflows from the 
San Antonio and Guadalupe rivers have on the San Antonio Bay and Mission-Aransas 
National Estuarine Research Reserve (NERR) ecosystems. Carbon isotope data provided 
a time-integrated average of the salinity regime whereas nitrogen isotope data provided 
information on the relative importance of freshwater versus marine nitrogen sources 
along a transect from the head of San Antonio Bay through Aransas Bay. Stable carbon 
isotope values increased linearly from approximately -25 ‰ to -17 ‰ along a gradient of 
decreasing freshwater contribution, while stable nitrogen isotope values decreased from 
approximately +16 ‰ to +10 ‰ along the same gradient. Changes in nitrogen 
contribution with increased or decreased inflow were observable but not distinct. Overall, 
the data suggest that the San Antonio and Guadalupe rivers may be an important source 
of nitrogen not only to San Antonio Bay but also to the Mission-Aransas NERR via 
Aransas Bay, and that this may change with increases or decreases in freshwater inflow. 
INTRODUCTION 
Concerns over the use of water resources are increasing as communities on the 
lower reaches of rivers experience decreased water flows, deteriorating water quality, and 
elevated nitrogen levels due to anthropogenic influences higher up in watersheds (Powell 
et al. 2002, Savage 2005, Bowen and Valiela 2004, Mathis et al. 2007, Arismendez 
2009). Elevated nitrogen levels commonly result in eutrophication, which is manifested 
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by increases in algal biomass, decreases in submerged aquatic vegetation, and changes or 
declines in resident fish populations (Hauxwell et al. 2001, Thronson and Quigg 2008). 
For example, increases in chlorophyll a and seston biomass are commonly observed with 
increased nutrient concentrations (Weiss et al. 2002, Paterson et al. 2003). Identifying 
sources of anthropogenic nitrogen, taking steps to mitigate nitrogen contributions, and 
understanding the influence of freshwater inflow on nitrogen availability are key to 
maintaining optimal ecosystem function. 
Natural abundance nitrogen stable isotope ratios (14N/15N, often expressed as δ15N 
values using atmospheric N2 as a reference) are useful for tracing the influence of distinct 
nitrogen sources through ecosystems (Fry 2002, Savage 2004, Lassauque 2010). The 
lighter isotope (14N) is utilized slightly faster in chemical reactions and biological 
processes (Fry 2006). As a consequence, different pools of nitrogen within the 
environment often have distinct stable isotope values.  Synthetic fertilizers made from 
atmospheric N2 typically have values near 0 ‰, values for inorganic nitrogen in rain 
water are typically below zero, and values for inorganic nitrogen in treated sewage are 
relatively enriched in 15N (often exceeding 10 ‰). This enrichment is due to 
volatilization of ammonia and intense microbial processing that occurs during treatment 
and continues after effluent is released into the environment (Heaton 1986, Mooney 
2009). 
Many studies have focused on tracking nitrogen from riverine sources into 
estuarine systems using the δ15N of tissues in bioindicator organisms. As primary 
producers assimilate dissolved nitrogen, the δ15N of their tissues reflects their nitrogen 
source and these δ15N signatures can be traced through food webs (Peterson and Howarth 
1987, Sullivan and Moncreiff 1990, Wissel and Fry 2005, Leal et al. 2008). For 
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macroalgae and suspended particulate organic matter samples, McClelland and Valiela 
(1998) demonstrated a direct relationship between increases in nitrate δ15N in 
groundwater and increases in δ15N of primary producers in several estuaries in 
Massachusetts with varying contributions of anthropogenic nitrogen. In studies of the 
spatial influence of sewage treatment plants on riverine and estuarine systems, 
aquaculture-raised oysters were transplanted and then monitored at a site nearest the 
treated wastewater release as well as downstream of the release. Oysters closest to the 
sewage treatment plant effluent revealed high nitrogen concentrations and enriched δ15N 
in their tissues while oysters transplanted downstream from the sewage plant exhibited 
tissues with relatively low nitrogen concentrations and depleted δ15N values (Piola et al. 
2006, Daskin et al. 2008). 
Algal δ15N has been utilized in Moreton Bay, Australia, to analyze the effect of 
more efficient treatment and removal of nitrogen from sewage effluent at sewage 
treatment plants. Algae that had been transplanted to the bay before treatment 
modifications displayed a dramatic depletion in δ15N over a period of 3-5 years after the 
modifications took place. The authors, however, remained skeptical of whether the 
modifications to the sewage treatment plant produced such rapid change or if a 
simultaneous flooding event diluted the signal (Costanzo 2005). Fertig (2009), however, 
tested the use of transplanted algae and oysters as bioindicators of nitrogen input over 
different spatial and temporal scales and found that even when nutrient concentrations 
were low, a gradient in δ15N could be detected. Furthermore, he determined that the 
effects of small flooding events on δ15N were muted in oyster muscle tissues due to the 
long integration time. Overall, the results of these studies highlight that nitrogen signals 
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from riverine sources can be traced by bioindicator organisms, and that different 
organisms and tissues are useful at different temporal and spatial scales. 
Along with analysis of nitrogen stable isotopes, natural abundance carbon stable 
isotope ratios can be utilized to evaluate the degree of mixing between freshwater and 
marine end-members. As riverine water flows into an estuary and mixes with marine 
water, a gradient of depleted to enriched carbon isotopes is formed (Lloyd 1964, Canuel 
et al. 1995, Fry 2002). Carbon stable isotope ratio values (δ13C) of dissolved inorganic 
carbon (DIC) in water bodies are determined by atmospheric CO2 exchange, carbonate 
equilibrium chemistry, terrestrial inputs, and biological processes (Spiker 1980, Doctor et 
al. 2008). Oceanic values (0 to +2 ‰) are determined by marine calcium carbonate 
dissolution (+2 ‰) and slow exchange with atmospheric carbon dioxide (CO2, ~ -8 ‰) 
(Mook 2001). Riverine values (-10 ‰), on the other hand, are determined by a balance of 
soil carbonate and limestone weathering (0 to +2 ‰), exchange with atmospheric and soil 
CO2 (-8 ‰ and -26 ‰, respectively), and oxidation of terrestrial organic matter (-25 ‰) 
(Mook 2001).  Many studies have shown that, in general, isotope values of DIC are 
approximately -10 ‰ in freshwater and 0 - +2 ‰ in marine water (Fry 2002, Kaldy et al. 
2005, Appendix A: Table A1). Temperature and biological processes can alter DIC δ13C 
values. For example, with respect to atmospheric CO2 exchange, outgassing from 
extremely hot waters can cause significant DIC δ13C enrichment (Stiller 1985, Mook 
2001). Likewise, with respect to biological processes, assimilation of dissolved CO2 and 
HCO3- by photosynthetic algae and plants can leave the DIC pool 13C enriched and CO2 
released during organic matter decomposition can leave the DIC pool 13C depleted (Mook 
2001, Raven et al. 2002). The effects of temperature and biological activity, however, are 
typically small compared to the difference in δ13C between fresh water and marine 
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sources of DIC (Fry 2002, Kaldy et al. 2005). Thus, fluctuations in δ13C of DIC over 
space and time primarily represent the degree of mixing between freshwater and marine 
sources (Fry 2002, Atekwana et al. 2003).   
As a filter feeder, Crassostrea virginica, the eastern oyster, consumes suspended 
particulate organic matter (SPOM), preferentially in the form of phytoplankton or benthic 
microalgae that has been suspended in the water column through mixing (Higgins 1980, 
Newell and Jordan 1983). Haines and Montague (1979) and Sullivan and Moncreiff 
(1990) studied salt marsh food webs using stable isotopes of carbon and nitrogen and 
determined that C. virginica and another filter feeder, Geukensia demissa, had δ13C and 
δ15N values representative of phytoplankton and benthic microalgae. Canuel et al. (1995) 
determined that phytoplankton was the dominant food source for Potamocorbula 
amurensis using isotopes and lipid biomarkers in San Francisco Bay, while Leal et al. 
(2008) found the same pattern for Crassostrea gigas in two contrasting environments in 
France. Phytoplankton primarily assimilate carbon in the form of dissolved carbon 
dioxide (CO2) or bicarbonate (HCO3-) and nitrogen in the form of ammonium (NH4+) and 
nitrate (NO3-) (Qian et al 1996, Raven et al. 2002). As oysters consume phytoplankton, 
they incorporate carbon and nitrogen into their tissues with isotope ratios related to these 
food sources, and thereby record information about the inorganic sources supporting 
phytoplankton growth within the system over time (Figure 1.1). 
Stationary filter feeders such as Crassostrea virginica, that record information 
about salinity and nutrients in their tissues as a function of diet, are particularly useful in 
providing integrated information about ecosystem properties over time and along a 
spatial gradient (Fry 2002, Daskin et al. 2008, Fertig 2010). Monitoring efforts in 
estuarine environments such as the Mission-Aransas NERR (Figure 1.2) often rely 
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heavily on water collections compiled over long time frames. These frequent collections 
are required to average the variability in water quality parameters with time and 
environmental conditions during collection, highlighting the need for proxies such as C. 
virginica that can be used to understand the average nitrogen contributions from fresh 
water sources. 
Native to the Gulf of Mexico and the eastern coast of the United States, C. 
virginica is a ubiquitous species that can tolerate a wide range of temperature and salinity 
(Galtsoff 1964) Ideal ranges for physiological processes are 20-30 °C (Stanley and 
Sellers 1986) and 14-28 ppt (Shumway 1996), but oysters can still feed and live for 
extended periods of time in temperatures and salinities outside of this range. For 
example, in oysters from the Mission-Aransas NERR, populations and filtration rates 
declined after a sustained period of decreased salinity due to increased freshwater inflow 
(Pollack et al. 2011). However, populations remained large enough to successfully 
repopulate the reefs when environmental conditions returned to more saline conditions. 
Nitrogen contributions to San Antonio Bay from the combined waters of the San 
Antonio River and Guadalupe River watersheds (Figure 1.3) are enriched in δ15N. The 
San Antonio River watershed, in particular, exports nitrogen that is enriched in δ15N 
relative to largely rural watersheds more proximate to the Mission-Aransas NERR. 
Previous data show that average values of δ15N of algae and plant samples from the San 
Antonio River were determined to be 12.4 ‰ and 13.6 ‰ respectively, while in the 
Guadalupe River, they were 10.1 ‰ and 6.3 ‰ (K. Dunton, unpublished data). The San 
Antonio River watershed is more highly developed and provides high nutrient 
concentrations to San Antonio Bay from wastewater treatment facilities while the 
Guadalupe River watershed is less developed and has correspondingly lower nutrient 
 7 
 
concentrations, mostly from non-point sources (Arismendez 2009, J. McClelland, 
unpublished data). These two rivers will be described together as the ‘freshwater end-
member’, and will provide a way of observing how nitrogen contribution is concomitant 
with changes in inflow. The coastal waters of the Gulf of Mexico are defined as the 
‘marine end-member’ for this study. 
Recently the San Antonio Bay Partnership was formed by stakeholders to learn 
more about the importance of freshwater inflows and nutrients in maintaining the health 
of the San Antonio Bay ecosystem (http://www.sabaypartnership.org/). Nutrient 
availability and associated ecosystem productivity in the bays to the southwest of San 
Antonio Bay (Copano Bay, Aransas Bay, and Mesquite Bay, Figure 1.2) have been the 
focus of much research and monitoring since the recent designation of the Mission-
Aransas NERR in 2006 (Morehead et al. 2007, Martínez 2008, Mooney 2009, Pollack et 
al. 2011). However, the rivers flowing into San Antonio Bay may mix with the adjacent 
Mesquite and Aransas bays to extend their influence on nutrient availability to within the 
boundaries of the Mission-Aransas NERR (Armstrong 1982, Orlando et al. 1993, Mathis 
et al. 2007).  
In this study, stable isotope values of oyster muscle tissues were used to address 
two questions: 1) Are the San Antonio and Guadalupe rivers a significant source of 
nitrogen to the Mission-Aransas NERR? 2) How does the relative importance of riverine 
versus marine nitrogen sources vary with freshwater inflow? I hypothesized that 
combined inputs from the San Antonio and Guadalupe rivers are a major source of 
nitrogen not only within San Antonio Bay but also to the Mission-Aransas NERR, and 
that the relative importance of these inputs will increase with increased inflow to the 
system.  
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METHODS 
Study Area 
This study was conducted from July 2009 through December 2011 on the South 
Texas coast from the northeast corner of San Antonio Bay near Seadrift, TX through 
Aransas Bay to the University of Texas Marine Science Institute (UTMSI) marina in Port 
Aransas (Figure 1.4, Appendix B: Table B1). The San Antonio and Guadalupe rivers 
merge about 16 km before they drain into San Antonio Bay (Mathis et al. 2007, 
Arismendez et al. 2009). The rivers discharge into the northeastern portion of the bay 
near Seadrift, Texas, and provide the largest source of fresh water to the system. The 
southwestern end of San Antonio Bay is bordered by the Mission-Aransas NERR, which 
encompasses Mesquite, Aransas, Redfish, and Copano bays. The Mission-Aransas NERR 
was developed to provide a protected estuarine system for research and stewardship that 
is representative of South Texas and whose dataset can be compared nationally to other 
estuarine systems within the National Oceanic and Atmospheric Administration’s NERR 
system framework (UTMSI 2003). The residence time of water in San Antonio Bay is 
approximately 2-3 months, though this can be highly variable (Armstrong 1982, Bianchi 
et al. 1999). For comparison, residence time in the Mission-Aransas estuary is longer, at 
1-3 years, depending on the data used (Armstrong 1982, Solis and Powell 1999). The 
Guadalupe River watershed is similar to the Mission River and Aransas River watersheds 
in land use types, dominated by agriculture and undeveloped land. The San Antonio 
River watershed, on the other hand, is more urbanized and exports greater amounts of 
anthropogenic nitrogen (Arismendez et al. 2009, J. McClelland, unpublished data).  
San Antonio Bay and Aransas Bay are shallow estuarine systems (mean depth 1.4 
m and 2.0 m deep, respectively) with limited tidal flushing (Armstrong 1982). Three 
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access points provide water exchange between the bays and the Gulf of Mexico: Pass 
Cavallo to the north, a small inlet to the south (Cedar Bayou) that is often blocked by 
sediments and was closed during the duration of this study, and the Port Aransas ship 
channel (Orlando et al. 1993). Water exchanges freely between the bays in this system, 
facilitated in part by the Intracoastal Waterway (Orlando et al. 1993). The direction of 
water flow, however, is difficult to predict because movement of water between the bays 
is a product of wind, freshwater inputs and tides (East 2001). A salinity gradient, 
however, persists from the San Antonio and Guadalupe rivers through San Antonio Bay, 
Mesquite Bay, Aransas Bay, and the Port Aransas ship channel before reaching the Gulf 
of Mexico. Variability in this gradient can be used to understand the relative importance 
of freshwater inputs within the study area.  
Rainfall in South Texas is highly variable, and as a result, the amount of 
freshwater flushing into the estuaries can vary from one year to the next (Ward 2010). 
Daily river discharge values from USGS gaging stations were used to make comparisons 
of the different amounts of river inflow over the years of the study (2009-2011) to San 
Antonio Bay (gage 08188500, San Antonio River at Goliad, Texas and gage 08176500, 
Guadalupe River at Victoria, Texas) and Copano Bay (gage 08189500, Mission River at 
Refugio, Texas and gage 08189700, Aransas River near Skidmore, Texas). The San 
Antonio and Guadalupe rivers provided an average of 17.1 m3/s and 34.6 m3/s, 
respectively, to San Antonio Bay while inflows from the Mission and Aransas rivers into 
Copano Bay were only 3.1 m3/s and 8.7 m3/s on average, respectively. There is a clear 
increase in inflow for all the rivers in 2010 compared to 2009 and 2011 (Figure 1.5). 
Although the San Antonio and Guadalupe rivers do not empty directly into the Mission-
Aransas NERR, they may contribute substantially to (or even dominate) the freshwater 
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budget of the Mission-Aransas NERR via mixing through the Intracoastal Waterway and 
Mesquite and Aransas bays. 
Eleven oyster reef sites were selected in the study area along a roughly 70 km 
non-linear transect. Each site was chosen for plentiful oysters of the right size class 
(approximately 7 cm) and ease of access by boat (Figure 1.4). Reefs were both subtidal 
(sites 1-5, 7, 8) and intertidal (sites 6, 9-11). Oysters with minimal open-air exposure due 
to tidal influences grow similarly to subtidal oysters (Gillmor 1982).  
Field Collections 
Water Parameters 
Salinity, temperature, inorganic nutrients (nitrate+nitrite, ammonium, and 
phosphate) and suspended particulate organic matter (SPOM) were sampled at all eleven 
sites on each of four trips (26/29 June 2009, 11 August 2010, 23 November 2010, and 5 
July 2011), with the exception of 26/29 June 2009 in which SPOM samples were not 
retained. Salinity and temperature were measured at each site using a YSI multi-
parameter sonde, and water for inorganic nutrient and SPOM analyses were collected in 
two one-liter polycarbonate bottles that were transported on ice to UTMSI.  
Oyster Tissues 
Oysters of approximately 7 cm in length from umbo to bill (representative of 
adult oysters) were randomly collected from each site along the transect by anchoring the 
boat and walking along the reef. Approximately 10 oysters from each site were 
transported to UTMSI in open bags stored on ice until dissection (within 24 hours). A 
sustained high freshwater inflow in 2010 (salinities less than 5) caused a mass mortality 
event within the oyster population at Site 1. Therefore, collections from August 2010, 
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November 2010, and July 2011 exclude Site 1 due to a lack of oysters in the correct size 
class (7 cm).  
Sample Processing 
Water Parameters 
Water samples were filtered within 12 hours of collection with a vacuum pump 
and particulates were collected on pre-weighed and pre-combusted 0.7 µm 25 mm 
Whatman GF/Fs. Two filters of collected particulates from each site were dried, post-
weighed and wrapped in 9x5 mm tin capsules for analysis of nitrogen and carbon 
concentration and stable isotopic composition (δ13C and δ15N). Filtered water was stored 
and frozen (-20 °C) in three replicate 50 ml high-density polyethylene (HDPE) bottles 
until analysis of ambient levels of inorganic nutrients. Nitrate (NO3-, measured as 
nitrate+nitrite) was analyzed using nitrate reduction by shaking with cadmium granules 
(modified from Jones 1984). Ammonium (NH4+) was measured using an indophenol 
colorimetric method (Bolleter et al. 1961, Strickland and Parsons 1968). Phosphate   
(PO43-) was measured as soluble reactive phosphorus using an ascorbic acid method 
(Murphy and Riley 1962, Strickland and Parsons 1968). 
Oyster Tissues 
The oyster adductor muscle was dissected from five shucked oysters, rinsed 
quickly with nanopure water and placed in an aluminum tin for drying. The adductor 
muscle is composed of two tissue types that are easily distinguished from one another: 
fast-twitch muscle is colorless and translucent, while slow-twitch muscle is white and 
opaque (Galtsoff 1964). Fast-twitch is the dominant muscle tissue type and was retained 
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for analysis. Slow-twitch tissue was removed and discarded to avoid potential differences 
in isotope integration between the two muscle tissue types.  
Each muscle tissue was thoroughly dried in a drying oven at 60 °C before being 
ground to a homogenized powder with a mortar and pestle. Approximately 1.2 mg of 
each powdered sample was measured and wrapped in a tin capsule for analysis of carbon 
and nitrogen concentration and stable isotopic composition. Five oysters from each of 
sites 2, 4, and 11 were treated as replicates and were prepared and analyzed individually. 
These values were averaged to check for inter-oyster variability at a given site for each 
collection date (Appendix C: Table C2), while oysters collected from the other sites were 
prepared and combined to form site-specific composites (five oysters per composite).  
Whole body tissue samples were also collected from two oysters per site from 
sites 2, 4, and 11 for a comparison of adductor muscle versus whole body tissue isotope 
values. Whole body samples were prepared for isotopic analysis by the same methods as 
described for adductor muscle tissues. 
Analysis 
Isotope Analysis 
Isotope values are reported using δ notation: 
 
δX (‰) = [(Rsample/Rstandard) – 1] * 1000,  
 
where X is the element (carbon or nitrogen) and R is the ratio of heavy over light isotope 
(13C/12C, 15N/14N). All SPOM samples were measured for carbon and nitrogen 
concentrations and stable isotope values at UTMSI using a Carlo Erba 2500 elemental 
analyzer coupled to a Finnigan MAT DELTAplus isotope ratio mass spectrometer 
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(precision 0.3 ‰). All oyster muscle tissue samples were measured at the University of 
California – Davis Stable Isotope Facility where they were analyzed for carbon and 
nitrogen concentrations and isotope values using a PDZ Europa ANCA-GSL elemental 
analyzer coupled to a PDZ Europa 20-20 isotope ratio mass spectrometer (precision 0.2 
‰ for 13C and 0.3 ‰ for 15N). 
Freshwater Fraction Determination 
Freshwater fraction calculations describe the estuary in terms of the proportional 
contribution of the freshwater end-member at a given sampling location (Fry 2002). 
Circulation in San Antonio Bay is complex and sites adjacent to each other can have very 
different water chemistries. Therefore using a measure of freshwater fraction is preferable 
to comparisons by site or distance from the freshwater source. Freshwater fraction (f) can 
be calculated for a snapshot water sample using the following equation, assuming a 
marine end-member of 35 psu: 
 
f = (35-measured salinity)/35 
 
This calculation is equivalent to the use of salinity and does not take into account the 
concentrations of the freshwater or marine end-members. Therefore, calculations of 
freshwater fraction from salinity can, in some cases, exaggerate the influence of the 
marine end-member as there is no way to clearly discern salinity resulting from 
evaporation and that from oceanic mixing.  
Freshwater fraction calculated via carbon concentrations and stable isotope ratios 
of DIC or organism tissues can address this issue. The marine end-member typically has 
a higher concentration of DIC relative to the freshwater end-member (Fry 2002, 
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Atekwana 2003). Published literature values for the Gulf of Mexico can be seen in 
Appendix A (Table A1). The formula for the freshwater fraction using carbon stable 
isotope ratios is concentration-weighted and is defined as a fraction of the freshwater 
end-member. Freshwater samples (on average δ13C = -10 ‰, concentration 1250 µM) 
would have a freshwater fraction value of 1, being fully representative of riverine sources 
(100 % freshwater) and oceanic samples (on average δ13C = 0-2 ‰, concentration 2000 
µM) would have a freshwater fraction value of 0, being fully representative of oceanic 
sources (0 % freshwater) (Fry 2002). All samples in estuarine conditions would have 
freshwater fraction values between these two extremes and are calculated with the 
equation: 
 
f = (COδmix - COδO) / ((CO - CR) δmix + CRδR - COδO) 
 
where CO, CR, δO, and δR are the oceanic and riverine DIC concentrations and isotope 
values, respectively (Fry 2002). The freshwater fraction (f) is calculated along the 
transect by using the isotope value of sampled oyster tissues (δmix) from a given 
collection site after a trophic fractionation of +20 ‰. The trophic fractionation was 
calculated by Fry (2002) as an average from a compilation of studies and represents 
expected trophic fractionation between DIC to phytoplankton to oysters. Using this 
equation and the δ13C values of oyster tissues collected along the transect, a freshwater 
fraction gradient was constructed. Water column DIC stable isotope values from the 
riverine and marine end-members were measured once during the study period and are 
reported in Appendix A (Table A2). These were not used in calculations due to low 
sample size and no corresponding DIC concentration measurement. Average literature 
values were used for carbon concentrations of both the riverine and oceanic end-members 
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(1,250 µM and 2,000 µM, respectively). The riverine end-member carbon stable isotope 
ratio (-10 ‰) was also from literature values, while the marine end-member carbon stable 
isotope ratio (+2 ‰) was derived from oyster tissue carbon isotope values from the most 
marine site (Site 11) over the time frame of the study. 
Statistics 
Linear regressions (H0: β1 = 0) were used to describe the relationship between    
1) SPOM nitrogen isotope ratios with salinity and 2) oyster tissue nitrogen isotope ratios 
with freshwater fraction. Linear regression (H0: β1 = 1) were used for comparisons of 1) 
freshwater fraction by the two calculation methods (salinity and δ13C of oyster tissues) 
and 2) whole body versus adductor muscle isotope values. All data are represented as 
mean ± standard error. 
RESULTS 
Water Parameters 
Study area salinities in July 2009 (relatively dry) and August 2010 (relatively wet) 
represented the widest differences recorded within the time frame of this study (Figure 
1.6). The transect represents a general salinity transition from brackish conditions near 
the river mouth (Site 1: 2.5-19 psu) to oceanic salinity in the UTMSI marina (Site 11: 31-
36 psu). Average water temperatures (mean ± S.E.) were 31 °C ± 0.14 °C in the summer 
collections (July 2009, August 2010, July 2011) and 21 °C ± 0.29 °C in the fall collection 
(November 2010). 
Surface water nutrient concentrations were generally low (most below 2 µM) 
(Figure 1.7). However, NO3- (Figure 1.7a) and NH4+ (Figure 1.7b) were elevated in 
waters with salinity less than 20 psu, mostly during the flooding in August 2010 when 
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nitrate reached concentrations of 10 µM and ammonium reached concentrations of 14 
µM. PO43- (Figure 1.7c) was variably elevated at salinities higher than 30 psu during the 
drought conditions of 2009 where concentrations were recorded near 12 and 18 µM. 
Suspended particulate organic matter (SPOM) 
SPOM samples provide a snapshot look at what oysters may be consuming as 
well as the isotopic composition of the ambient water. Freshwater inflow differed 
dramatically among collection dates, leading to wide salinity fluctuations at transect sites 
close to the freshwater end-member. Plotting SPOM by salinity, rather than transect site, 
decreases the potential of misinterpretation based on artifacts of the sampling site 
location since mixing in the system is highly variable. As a result, all particulate organic 
matter and nutrient concentrations are displayed against salinity. 
SPOM δ13C increases with salinity in surface water samples from August and 
November 2010, and July 2011 (Figure 1.8). SPOM δ13C approached marine values at 
transect sites closest to the marine end-member and was more variable in salinities less 
than 20 psu. August and November 2010 SPOM samples were isotopically depleted and 
more variable in δ13C than in July 2011. Values of δ13C in August 2010 ranged from         
-28.3 ‰ at 2.5 psu to -21.2 ‰ at 12.8 psu while values in November 2010 ranged from     
-29.4 ‰ at 16.0 psu to -23.6 ‰ at 28.7 psu, with most values of δ13C in both August and 
November 2010 ranging between -29 to -25 ‰ at salinities between 8 and 21 psu. July 
2011 SPOM δ13C varied from -26.8 ‰ at 14.3 psu to -20.1 ‰ at 33.3 psu at the most 
extreme, with most values of δ13C ranging between -24 to -23 ‰ at salinities between 26 
and 33 psu. 
SPOM δ15N was negatively correlated with salinity at all collection dates (Figure 
1.9). August 2010 SPOM δ15N was more enriched than other collection dates with most 
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δ15N values ranging from 11.2 to 4.4 ‰ with corresponding salinity values under 17 psu. 
July 2011 SPOM δ15N, on the other hand was depleted relative to August 2010, with 
most samples ranging from 5.1 to 0.7 ‰ with corresponding salinity over 25 psu. 
November 2010 data was more variable than in either August 2010 or July 2011. 
Samples from November 2010 are representative of almost the entire salinity gradient 
(11.7 to 31.6 psu) and vary widely in δ15N from 11.5 to -1.7 ‰. 
SPOM nitrogen and carbon concentrations decreased slightly (2 % and 5 % 
change, respectively) along the salinity gradient from August 2010, November 2010, and 
July 2011 with salinity describing 32% and 28% of the variability, respectively 
(Appendix C: Table C1). SPOM C:N ratios were variable across all salinities with no 
clear trend, but fluctuated around an average of 5.62. 
Oyster Tissues 
Similar to results from SPOM measurements, adductor muscle δ13C was 
positively correlated to salinity, and was more variable at lower salinities (Figure 1.10). 
However, unlike water SPOM samples, isotope values are slowly integrated over time 
into oyster tissues and represent averaged variability of freshwater influence over a 
period of approximately a year (see Chapter Two). Inter-oyster variability at a given site 
was low and allowed δ13C from the oyster muscle tissue to be used to calculate the 
freshwater fraction the oysters experienced for a period of time before their collection 
(Appendix C: Table C2). The freshwater fraction as calculated from the δ13C value of 
oyster tissue and from the salinity at the time of SPOM collection were well correlated, 
demonstrating the reliability of δ13C as a proxy for salinity (Figure 1.11, Appendix B: 
Table B2). This time-integrated freshwater fraction as calculated by δ13C (referred to as 
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δ13C-calculated freshwater fraction), rather than a snapshot of salinity, was used to make 
comparisons with nitrogen contribution as shown by oyster tissue δ15N (Table 1.1).  
There is a strong positive relationship between δ13C-calculated freshwater fraction 
and change in δ15N in oyster muscle tissue (Figure 1.12). As the δ13C-calculated 
freshwater fraction decreases, the δ15N in oyster muscle tissue is correspondingly 
depleted. All collection dates show a gradient of enriched to depleted δ15N along the 
δ13C-calculated freshwater fraction gradient. 
The percentages of nitrogen and carbon in oyster muscle tissues decreased 
slightly (approximately 2.5 % and 4 %, respectively) as δ13C-calculated freshwater 
fraction decreased, with the δ13C-calculated freshwater fraction explaining 36 % and 53 
% of the variability (p < 0.01, Appendix C, Table C1). There was a statistically 
significant decrease in C:N of oysters as δ13C-calculated freshwater fraction decreased, 
but the decrease was slight (from approximately 3.8 – 2.8). The δ13C-calculated 
freshwater fraction only explained 17% of the variability (p < 0.01). Oysters collected in 
July 2009 (C:N: 3.6-3.8) also exhibited an overall higher ratio of C:N than any other 
collection date (C:N: 3.3-3.5). 
Comparison between oyster whole body and adductor muscle tissues 
Sampled oyster whole body and adductor muscle tissue types related strongly to 
one another, but whole body samples were isotopically depleted in 15N compared to 
muscle tissues by approximately 2-3 ‰ (Figure 1.13). There was a strong correlation 
between whole body sample δ15N and the δ13C-calculated freshwater fraction (Figure 
1.14). As the δ13C-calculated freshwater fraction decreased, the δ15N was 
correspondingly depleted. This relationship was slightly stronger for adductor muscle 
tissue samples. 
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DISCUSSION 
Freshwater inflow often has dramatic effects on the availability of nutrients and, 
therefore, the biodiversity and biomass that an ecosystem can support (Paterson et al. 
2003, Pollack et al. 2011). Over the past decade, the importance of maintaining baseline 
freshwater inflows into estuaries around the world has become increasingly recognized. 
Much research has focused on investigating the influence that freshwater has on estuarine 
dynamics and how to maintain inflows at levels that keep an estuarine system “healthy” 
(Powell et al. 2002). Research reserves such as the Mission-Aransas NERR provide a 
wealth of baseline data to assess shifts in the functioning of estuarine ecosystems. The 
inputs of the San Antonio and Guadalupe rivers, coming from a larger and more urban 
watershed, potentially provide an important source of nitrogen to Aransas Bay, located 
within the Mission-Aransas NERR. This study uses a freshwater fraction gradient 
calculated from δ13C in oyster adductor muscle tissues to describe the contribution of 
nitrogen along a pathway of freshwater influence from the San Antonio and Guadalupe 
rivers. 
Water Parameters 
Based on the salinity patterns shown in Figure 1.6 (particularly the August 2010 
example), freshwater contributions delivered via either Copano Bay or San Antonio Bay 
could account for intermediate salinities found in Aransas Bay. Given that river discharge 
was much lower in the Mission and Aransas rivers (mean discharge of 3.1 m3/s and 0.9 
m3/s respectively) as compared to the San Antonio and Guadalupe rivers (17.1 m3/s and 
34.6 m3/s respectively) during the study period, one might conclude that contributions 
from San Antonio Bay are the dominant source. However, uncertainty with respect to 
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water circulation patterns in the region makes it difficult to draw robust conclusions 
based on salinity alone.   
Inorganic nutrient concentrations did not clearly follow the salinity gradient, 
because they were likely removed from the water column quickly through assimilation by 
phytoplankton or adsorption to sediments (Kemp and Boynton 1984). Inorganic nutrients 
in the water column (NO3-, NH4+, PO43-) were all low (most less than 0.2 µM) except for 
a few samples with elevated NH4+ and NO3- near the freshwater end and elevated PO43- at 
the marine end of the transect (Figure 1.7). Higher NO3- and NH4 concentrations 
corresponded to collection dates with increased discharge, indicative of increased 
nitrogen loading. Increased PO43- at the marine end was associated with the driest 
collection date (July 2009) and was possibly caused by an increase in PO43- regeneration 
through decomposition and desorption from sediments (Kemp and Boynton 1984, Prastka 
et al. 1998). Water sampling, as done here, can provide information about an estuarine 
system, but can be variable depending on the conditions during sampling (including wind 
mixing, temperature, freshwater inputs, algal blooms, and decomposition rates). This 
variability requires frequent sampling to develop boundaries that reflect the average 
condition of the estuarine system.  
Suspended particulate organic matter (SPOM) 
SPOM contains a variety of types of particulate organic matter including, but not 
limited to, phytoplankton, zooplankton, detrital plant matter, and bacteria. In studies that 
measure purely phytoplankton or other particulate matter, isotopic compositions of 
individual components are shown to be distinct (Beck 2006, Qian et al. 1996). SPOM 
measurements, then, as a mixture of many components, would be expected to 
demonstrate a range of δ13C depending on the composition of components captured in 
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each snapshot sample. In 2010, for example, SPOM δ13C was more depleted. This is 
likely from more terrestrially derived components in the sample. As a result of this 
compositional variability, SPOM δ13C is weakly correlated to snapshot salinity (Figure 
1.8). Since a freshwater fraction calculation from SPOM δ13C would be as variable as a 
discrete salinity measurement, SPOM δ15N was described by its direct relationship to 
salinity and no freshwater fractions were calculated using SPOM δ13C. 
SPOM δ15N is strongly and inversely related to salinity (Figure 1.9). SPOM 
measured in the wetter conditions of August 2010 was enriched relative to SPOM in the 
drier conditions of 2011. November 2010 measurements are initially enriched, similar to 
August 2010, but become very depleted at salinities greater than 20, despite freshwater 
influence during this time. The reason for this is uncertain, but could be related to a 
disproportionate contribution from nitrogen fixation at the higher end of the salinity range 
during that time (Hoering and Ford 1959, Gardner et al. 2006). This suggests that 
although freshwater inflow from the San Antonio and Guadalupe rivers are influencing 
nitrogen availability along the salinity gradient, this relationship may become obscured 
by autochthonous nitrogen production within the system.  
Although nitrogen and carbon contributions to SPOM decreased along the salinity 
gradient, the small magnitude of the changes (2 % and 5 % respectively) suggest that the 
overall quality of the SPOM pool was relatively stable along the transect. This conclusion 
was further supported by that fact that C:N ratios of the SPOM did not change 
significantly across the salinity gradient. 
Oyster Tissues 
The relationship between oyster tissue δ13C and salinity is significant and fairly 
strong (Figure 1.10), similar to past findings that examined the δ13C of organisms 
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distributed throughout the San Antonio Bay system (Parker et al. 1989). However, 
salinity measurements collected in the field represent a single timepoint, and do not 
describe the salinity the oysters are experiencing over time. In order to obtain a time-
integrated view of the salinity experienced by the oysters over time, we can utilize the 
freshwater fraction based on oyster muscle tissue δ13C. Freshwater fraction as calculated 
by δ13C in oyster tissues correlates well with freshwater fraction as calculated from a 
discrete measurement of salinity, indicating that the oyster muscle tissue δ13C can be 
reliably used to understand the salinity regime experienced over time (Figure 1.11). There 
is an obvious trend of less freshwater during the collection dates in the drier years of 
2009 and 2011, while August and November 2010 were clearly representative of wetter 
conditions. The slope of the relationship deviates slightly from a purely 1:1 line due to 
environmental variations in the water samples, and approximations made in order to 
calculate the freshwater fraction of the ambient water based on integrated oyster tissues. 
With more detailed water sampling and locally determined end-members for use in 
calculations of freshwater fraction, this relationship is predicted to be even stronger. 
The strong correlation between δ15N in oyster tissues and δ13C-calculated 
freshwater fraction was observed during every collection date (Figure 1.12). This 
indicates that freshwater inflow from the San Antonio and Guadalupe rivers are 
influencing nitrogen availability along the salinity gradient and are likely a significant 
source of nitrogen to Aransas Bay as seen by the corresponding changes in the δ15N in 
oyster tissues at Aransas Bays sites (Figure 1.12). To determine whether the relative 
importance of riverine versus marine nitrogen sources varies with inflow, we can observe 
how sets of points from different sampling dates become more isotopically depleted 
along the regression line during sustained periods of low freshwater inflow, or more 
isotopically enriched along the regression line during sustained periods of greater 
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freshwater inflow. Marine influence is more pervasive in July 2009 as observed by 
samples relatively depleted in δ15N, while in November 2010 riverine influence appears 
more prominent as most samples of oyster muscle tissue are enriched in δ15N. Overall, 
however, the data indicate that the salinity regime and associated nitrogen contribution do 
not change dramatically over the study period. Larger perturbations of freshwater inflow 
could yield a more distinct separation between nitrogen contributions over time. To 
increase confidence in the relationship between variations in nitrogen and variations in 
inflow, more sampling should be carried out during extreme and sustained drought/flood 
conditions or over many comparatively wet and dry years or seasons.  
The slight but measurable decrease in percent nitrogen (%N) of oyster tissues 
(14.5 % to 12 %) along the transect revealed that the nutritive state of oysters decreased 
slightly as marine water influence became more prominent than riverine water influence. 
This was similar to findings by Carmichael et al. (2004) where %N in Mercenaria 
mercenaria and Mya arenia tissues corresponded to the different nitrogen loads received 
across a set of estuarine systems in Massachusetts. C:N ratios of oyster muscle tissue 
followed the same pattern and significantly decreased (p < 0.01) with decreasing 
freshwater fraction, but the decrease was slight (0.2).  In July 2009 oyster muscle tissue 
C:N was 3.6-3.8, higher than all other collection dates where C:N remained between 3.3-
3.5. It is possible that during 2009, there was a decrease in available nitrogen in SPOM 
due to the sustained decrease in freshwater inflow, and indeed, inorganic nutrients and 
SPOM nitrogen concentration were both low in 2009 (Figures 1.7 and 1.9). Composition 
of SPOM, and hence the food sources for the oysters, may also have shifted substantially 
to reflect an increasing amount of detrital particles which are comprised of more 
recalcitrant organic matter (Crosby and Newell 1990, Malet et al. 2008). C:N ratios in 
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excess of 3.5 (indicating an increase in lipid content) did not affect δ13C values in this 
study (Appendix D, Figure D1). 
While the above discussion emphasizes changes along the transect, highlighting 
the linkage between the San Antonio Bay and Aransas Bay ecosystems, it should be 
noted that SPOM δ15N measurements in Copano Bay during the 2007-2009 timeframe 
ranged from 1.5 to 8 ‰, with an average of about 6 ‰ (Mooney 2009). Thus, it is 
possible that inputs from Copano Bay contributed to the intermediate stable nitrogen 
isotope values observed along the transect at the Aransas Bay sites. Alternatively, it is 
possible that the nitrogen isotope values in Copano Bay are influenced by contributions 
from Aransas Bay (and indirectly by San Antonio Bay).  A lack of 15N-enriched SPOM 
near the mouths of the Mission and Aransas rivers supports this alternative (Mooney 
2009).  Influences from the Mission and Aransas rivers (as well as other sources not 
considered in this study) on the isotope values measured along the oyster transect cannot 
be ruled out, but are likely intermingled with and dominated by the strong signal coming 
from the San Antonio and Guadalupe rivers. 
Comparison between oyster whole body and adductor muscle tissues 
Although oyster adductor muscle was enriched compared to whole body measures 
in this study (~ 2-3 ‰, Figure 1.14), comparisons between the two tissue types could be 
made with a correction factor. Using whole organisms in lieu of specific tissue types 
reveals similar information as can be obtained by tissue-specific analyses (Kreeger et al. 
2003), and could be preferred when conducting a general analysis of a given system. The 
isotopic value of entire organisms reflect a composite of several tissues with varying 
integration rates (Moore 2003, Fertig et al. 2010), and particular information about the 
exposure time required for individual tissues can be lost or uncertain. As a result, studies 
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using whole organisms can reveal patterns, but caution should be used in relating these 
patterns to freshwater inflow events on a temporal scale. 
Future Work 
The δ13C freshwater fraction is considered to be independent of evaporation 
effects because fractionation between different carbon species tends to cancel changes in 
the δ13C of the total DIC pool (Mook 2001). However, in environments with extremely 
hot temperatures, strong wind mixing, or intense biological activity, some changes in the 
δ13C of DIC have been observed. Stiller et al. (1985) observed large changes in δ13C of 
DIC (changes from +0.9 ‰ to +34.9 ‰) in evaporating brines in both solar evaporation 
ponds and in lab conditions with extremely hot water temperatures (34.5 – 45 °C). They 
attributed these changes to non-equilibrium conditions of total DIC with atmospheric 
CO2. Mook (1970) recorded changes in δ13C of different inorganic carbon species 
associated with turbidity and strong wind mixing, but bulk δ13C of the total DIC pool 
remained unchanged. Oren et al. (1995) observed enrichment of DIC δ13C in the Dead 
Sea during a large algal bloom (changes of +8.5 ‰).  
In the absence of strong forcing conditions, many studies have shown that DIC 
δ13C represents the gradient of mixing between oceanic and fresh water end members 
quite well (Lloyd 1964, Canuel et al. 1995, Fry 2002). Seasonal temperature and 
corresponding biological activity effects on the δ13C of the DIC pool often cancel one 
another as well (Mook 2001). There were no readily observable strong forcing conditions 
in the present study, so the freshwater fraction gradient is expected to represent the 
mixing of the freshwater and oceanic end-members reasonably well. The end-member 
DIC δ13C values in this study are based on general estimates from the literature (Chanton 
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and Lewis 1999, Atekwana 2003, Wissel and Fry 2005, Kaldy et al. 2005, Brandes 2009) 
and locally determined DIC values (Appendix A) would help refine the freshwater 
fraction estimates. However, the strong relationship between freshwater fraction as 
calculated based on our salinity measurements and freshwater fraction as calculated 
based on oyster tissues suggest that the literature end-member values used for the 
nitrogen gradients cannot be in wide disagreement with average local values. 
This study does not consider groundwater influence on isotopic composition 
separately from surface flows. In some study areas, there is a significant groundwater 
component that can be highly influential to the waters to which it drains (McClelland and 
Valiela 1997, McClelland and Valiela 1998, Doctor et al. 2008, Senal et al. 2011). 
However in this study, the San Antonio and Guadalupe rivers contribute 94% of inflow to 
San Antonio Bay (Ward 2010). In Copano Bay, the Mission and Aransas rivers flow from 
a watershed that is largely unpolluted (Mooney 2009). Though septic tanks and fertilizer 
use may play a role, the general pattern of enriched isotopic composition of the inorganic 
nitrogen and the depleted carbon isotopic signal entering the system will likely remain 
the same. Future studies could tease apart these individual contributions in more detail. 
In this study, it was assumed that oysters are primarily consuming phytoplankton, 
as this is generally recognized (Galtsoff 1964, Haines and Montague 1979, Higgins 1980, 
Newell and Jordan 1983, Sullivan and Moncreiff 1990). Other studies, however, have 
shown C. virginica consumes detrital particles or associated bacteria as well (Peterson 
and Howarth 1987, Crosby et al. 1990). It would be interesting to study food web patterns 
along the transect to discern any spatio-temporal patterns in diet or food source 
availability.  
Oyster shell isotopic analysis has also been recognized as a useful proxy to 
describe nitrogen influence and other water parameters on a decadal scale (Surge et al. 
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2001, Carmichael et al. 2008). An interesting avenue for future work would be to analyze 
oyster shell isotopic composition to provide baseline environmental information in 
tandem with oyster tissues that would serve as present day proxies of variability within an 
estuarine system. 
Conclusions 
The importance of freshwater inflows is an area of high interest to the state of 
Texas (TCEQ 2004, Mathis et al. 2007) and recently the San Antonio Bay Partnership 
has been developed to join stakeholders together in an effort to ‘protect, restore, and 
enhance the San Antonio/Guadalupe Estuary’ (SABP white paper 2010). The results of 
this study provide baseline data for research in the area, which has direct implications for 
water resource management guidelines in the state of Texas. Since the combined 
influence of the San Antonio and Guadalupe rivers provide a significant source of 
allochthonous nitrogen, and this influence may decrease with decreased inflow, this could 
put the ecosystems of San Antonio Bay and portions of the Mission-Aransas NERR at 
risk of nitrogen limitation and hypersalinity. Alternatively, increased nitrogen input into 
these rivers from urban development could also alter the ecosystems by causing an 
increase in eutrophication, leading to algal blooms and and hypoxic events, which could 
affect higher trophic level organisms such as game fish (Rabalais et al. 2001). These two 
extremes can be avoided by ensuring adequate water flow through the rivers to the coast. 
Currently, the average flows for the Mission River, San Antonio River and Guadalupe 
River exceed the baseline flows recommended by the Basin and Bay Expert Science 
Team (0.11-0.4 m3/s, 3.4-16.5 m3/s, and 11.33-29.73 m3/s, respectively) of the Basin and 
Bay Area Stakeholders Committee in Texas (BBASC 2011). Maintaining proper 
treatment of waste facilities to reduce the amount of nitrogen directly input into the 
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system will also be important. Due to the intermittent nature of rain in Texas, regulating 
the amount of nitrogen input into the system is crucial to maintaining stable nitrogen 
levels in these coastal ecosystems. 
Analysis of oyster tissues provides an integrated average of the conditions in an 
estuarine system. Although uncertainty still exists in the translation of isotopic 
information, there are strong correlations between isotope ratios of carbon and nitrogen 
that allow for inferences to be made about a system with minimal sampling effort. In 
addition, dissection and processing of samples is quick and efficient. Oysters, besides 
being excellent bioindicators of water quality, also provide multiple benefits to 
ecosystems at large: substrate for habitat, buffering from storms, a profitable and 
nutritious harvest, and a wealth of information for ecosystem monitoring (Bergquist et al. 
2006, Volety et al. 2009). Changes in isotopic composition of oyster tissues can provide a 
way of determining the influence of sustained nutrient pulses that may exceed in duration 
the residence time of detectable nutrients in the system (Piola et al. 2006, Fertig et al. 
2010, Lassauque et al. 2010). Routine yearly monitoring of oyster muscle tissues can 
provide an indication of slow changes in ecosystem productivity or reveal evidence of a 
trend toward or away from eutrophication in a system (Costanzo et al. 2005). A 
monitoring routine that combines traditional water sampling with oyster collection will 
provide a wealth of information about the system on both short-term and long-term time 
scales. 
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Chapter 2:  Temporal integration of ambient carbon and nitrogen 
stable isotope values in transplanted oysters 
ABSTRACT 
Integration of isotopes into tissues has been a key mechanism for the study of an 
organism’s ambient environment, diet, and role in an ecosystem. Integration rates, 
however, are not always constant for the same species, especially if the species covers a 
large geographical range or is exposed to different environmental conditions. To 
understand the information provided through analysis of an organism’s isotopic 
composition, it is necessary to determine the equilibration time of isotopes in the 
organism’s tissues. This study determined the equilibration time of isotopes in adult 
oyster (~7 cm in length) adductor muscle in South Texas. Oysters were transplanted from 
San Antonio Bay to the University of Texas Marine Science Institute marina and 
monitored over a one year time period for changes in condition index, percent nitrogen 
(%N), C:N ratio, and carbon and nitrogen stable isotope ratios. Condition index generally 
followed the reproductive cycle, C:N ratio and %N remained constant, while carbon and 
nitrogen isotope values gradually conformed to the transplant site values. The isotopic 
equilibration time for carbon and nitrogen isotopes was determined by linear regression 
as 405 days for nitrogen and 353 days for carbon. Juvenile oysters (< 7 cm in length) 
would be expected to have a shorter isotopic equilibration time because there is rapid 
growth during this life stage. Adult oyster adductor muscle can be utilized to understand 
average conditions over roughly a year prior to collection and, when coupled with other 
bioindicators and water quality measures, can serve as an excellent means for monitoring 
changes in an ecosystem over long time periods. 
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INTRODUCTION 
Studies concerning the isotopic equilibration time of environmental stable isotope 
signals in organisms have increased in recent years. Integration rates monitored through 
experimental food source changes in adult Japanese Quail and American Crow has 
increased the accuracy of determining dietary sources for these birds (Hobson and Clark 
1992). The effect of post-juvenile growth on the integration rate of brown shrimp has 
been examined to better understand dietary shifts for these organisms (Fry 1999). In 
estuarine systems, the diet of suspension feeders, such as the eastern oyster, Crassostrea 
virginica, is generally representative of the waters in which they live (Jennings and Warr 
2003. Carmichael et al. 2004). While the mix of particulate organic matter available in 
estuarine waters is complex, including allochthonous and autochthonous sources, C. 
virginica derives much of its nutrition from phytoplankton and benthic microalgae that 
has been disturbed from the sediments by water movement (Sullivan and Moncreiff 
1990). These primary producers rely on dissolved inorganic nitrogen and carbon in the 
ambient water (Fogel and Cifuentes 1991). As bivalves assimilate this organic matter, 
they are indirectly taking on the isotopic signature of the water in which they are 
growing. C. virginica, then, is isotopically a reliable sampler of average water quality 
over time, which, when utilized and analyzed properly, can provide a wealth of 
information describing an estuarine system at different time-scales. C. virginica is 
ubiquitous along the eastern coast of the United States and the Gulf of Mexico and is an 
ecological and economical asset (Kirby and Linares 2004). This species, along with other 
bivalves, has recently been utilized as an indicator of shifts in nitrogen concentrations in 
several brackish water ecosystems (Moore 2003, Savage 2005, Piola 2006, Fertig et al. 
2010 Lassauque et al. 2010). 
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Isotope values of consumer tissues change as a function of diet, both as new 
biomass is added during growth and as a consequence of tissue turnover (i.e. replacement 
of old tissue with new tissue). Past studies have shown that stable isotope signatures 
reflect carbon and nitrogen replacement in tissues and the processes that affect it (Lorrain 
2002, Malet et al. 2007, Deudero et al. 2009). Temperature and salinity can affect oyster 
growth and metabolic processes, which can in turn affect the integration rate of isotopes 
into tissues (Chanton and Lewis 2002, Fertig et al. 2010, Pollack et al. 2010). In the 
warm waters of the Texas coast, spawning can occur multiple times in a given 
reproductive season (Stanley and Sellers 1986). During this time, isotopic routing takes 
place, where adductor muscle and digestive gland both provide metabolites to the gonads 
during gonadal maturation and gametogenesis, respectively, which changes the δ15N of 
the gonads, but does not change the δ15N of the muscle or digestive gland to a large 
degree (Herzka and Holt 2000, Lorrain 2002, Malet et al. 2007). 
Integration studies generally focus on juvenile organisms to maximize the effects 
of rapid growth in body size seen in juveniles (Fry and Arnold 1982, Yokoyama et al. 
2008). Information derived from adult organisms, however, is also used to understand 
average conditions and sources of nutrients in a system over a given time frame (Kreeger 
et al. 2003, Daskin et al. 2008, Fertig et al. 2009, Fertig et al. 2010). 
Isotope integration studies can be carried out via laboratory experiments or by 
transplanting organisms of interest to new locations and then monitoring their rate of 
change to local isotopic values over time (Moore 2003, Malet et al. 2007, Fertig et al. 
2010).  Different tissue types from the same bivalve species can display unique isotope 
fractionation and isotopic equilibration times (Moore 2003, Deudero 2007). Fertig et al. 
(2010) determined exposure times required for δ15N temporal integration for three tissues 
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in C. virginica in the northern climate of Chesapeake Bay. Using modeling and field 
sampling, he found that adductor muscle from adult oysters (5.8 ± 0.2 cm) had the 
longest modeled required exposure time (258 days for constant temperatures and 522 
days in the case of seasonal temperature variations), but observable changes could be 
seen in four months. Mantle and gill tissues, on the other hand, had shorter modeled 
exposure times (165 days and 189 days in the case of seasonal temperature variations, 
respectively) with observable changes in 2-3 months (Fertig et al. 2010). Studies using 
other adult bivalves have shown a similar timeline for muscle δ15N isotopic equilibrium 
time at approximately one year (Kreeger et al. 2003, Moore 2003, Dattagupta et al. 
2004). 
In this study, I examine changes in carbon and nitrogen stable isotope values over 
time in adult C. virginica in a subtropical estuarine bay. While short-term variability 
(such as freshwater pulses to the system) cannot be resolved by examining stable isotope 
values of oyster adductor muscle tissues, the long integration times typical of adductor 
muscle tissue provide a robust metric of average conditions over annual time frames. 
Chapter One of this study used δ13C of oyster muscle tissue to describe the 
estuarine gradient along a transect from San Antonio Bay into the Mission-Aransas 
National Estuarine Research Reserve in terms of a freshwater fraction (fresh/marine end-
member contributions, independent of evaporation effects), and to track the influence of 
nitrogen from the San Antonio and Guadalupe rivers. However, to use oysters such as C. 
virginica consistently as long-term bioindicators we must constrain the time frame over 
which they integrate information in a given climate. Here I focus on the isotopic 
equilibration times of δ13C and δ15N in adductor muscle tissues to determine the 
approximate exposure time required by South Texas oysters to represent ambient waters. 
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The following question was asked: What time frame do adult oysters (Crassostrea 
virginica) in South Texas require to fully represent the isotopic composition (δ13C and 
δ15N) of the ambient water to which they are transplanted? Based on previously 
published studies, I hypothesized that C. virginica adults would be representative of the 
ambient isotopic composition (δ13C and δ15N) of the water to which they were 
transplanted after approximately 365 days. 
METHODS 
Study Area 
The transplant experiment was conducted by collecting oysters from San Antonio 
Bay and moving them to the University of Texas Marine Science Institute marina (Figure 
2.1). Note that these locations correspond with sites 4 and 11 of the transect described in 
Chapter 1. The marina site, which is flushed by water from the Corpus Christi ship 
channel, provided easy access for harvesting oysters over the course of the experiment.  
The site in Aransas Bay was chosen for the location of oyster removal because it 
represents a substantially lower salinity and a depleted carbon and enriched nitrogen 
stable isotope environment (as reflected in suspended particulate organic matter and 
oyster tissues) compared to the marina site, but was considered sufficiently saline to 
avoid shocking the oysters upon transplant. There are also plentiful oysters at this site. 
The transplanted oysters were placed alongside natural oyster reefs, where water is mixed 
frequently by incoming and outgoing vessels as well as tides. Water quality parameters in 
the marina are relatively stable (Table 2.1). For example, salinity at Site 4 ranged from 
8.8 to 25.7 psu, and was highly influenced by freshwater inflow. Site 11 salinity, in 
contrast was representative of marine waters (31.6 to 36.1 psu). Temperature at both sites 
was approximately 31 °C ± 0.14 °C during July 2009, August 2010, and July 2011 and 
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decreased to approximately 21 °C ± 0.29 °C at both sites during the November 2010 
collection. Inorganic nutrient concentrations (NO3-, NH4+, PO43-) were very low, most 
below 0.2 µM. The difference in ambient isotope values of the two sites is approximately 
5‰ for both δ13C and δ15N. The integration study was carried out over a year, beginning 
in November, 2010 and ending in November, 2011. 
Experimental Setup 
Forty oysters (~ 7 cm in length) were collected from Site 4 during the November 
2010 transect field sampling and transplanted to Site 11 (Figure 2.1). A reciprocal 
transplant was not conducted from Site 11 to Site 4 due to anticipated fluctuations in 
stable isotope values at that site, and also because it cannot be easily reached on a regular 
basis. Oysters grown in one location (most commonly via aquaculture) and transplanted 
to sites for isotopic measurement are often utilized without a reciprocal transplant, and 
results have been informative (Moore 2003, Piola et al. 2006, Fertig et al. 2010). Oysters 
from Site 4 were assumed generally representative of oysters along the entire transect in 
their isotopic equilibration time, barring any site-specific extreme changes in water 
quality, predation, or other stressors.  
Each oyster transplanted from Site 4 was cleaned and its length was measured 
with calipers before placement into one of two plastic mesh cages (9.6 mesh size) that 
each held 15-20 oysters in order to avoid overcrowding (Figure 2.2). The cages were 
suspended one meter below the water surface at low tide at Site 11. Biofouling occurred 
on the cages and usually consisted of algae, barnacles, tunicates, and mussels - organisms 
that either impeded water flow into the cage or were in direct competition for food 
resources with the oysters. To limit the effects of either of these on oyster growth and 
filtration capacity, cages were checked weekly and scrubbed clean of biofouling biweekly 
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(more often if necessary) throughout the duration of the study. Approximately every 90 
days all oysters were removed and re-measured with calipers to monitor growth and 
mortality. Five oysters were randomly selected from both cages and analyzed for 
condition index, C:N ratio, percent nitrogen (%N), and stable isotope values of carbon 
and nitrogen. Five collections were completed, spaced at roughly 3-month intervals (23 
November 2010, 3 March 2011, 24 May 2011, 24 August 2011 and 27 November 2011). 
Analysis 
Condition Index 
The condition index (CI) can be calculated in a variety of ways and shows how an 
oyster utilizes available growth space. It is a simple method for monitoring 
morphological differences and potential signs of stress in oysters over time (Moore 
2003). The CI is important to measure because lowered CI over time may indicate stress 
and slowed growth that in turn may alter isotope values (Malet et al. 2007, Patterson et al. 
2011). The CI was calculated using the following equation (after Lawrence and Scott 
1982): 
 
CI = (dry tissue mass*1000)/cavity volume 
 
where the cavity volume (cm3) equals the total unopened oyster mass after air-drying for 
45-60 minutes minus the mass of the valves (shells) after being air-dried for 24 hours. 
Subtracting the total mass from the valve mass gives a mass of the tissue and water that 
occupies the inside of the closed shells (Lawrence and Scott 1982). The density of oyster 
tissues and the water surrounding them can be approximated as 1 g/cm3. Using this direct 
relationship between mass of the internal cavity and the density of water, we can obtain a 
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volume for the internal cavity (Lawrence and Scott 1982). Oyster tissues were carefully 
removed from the valves and placed in aluminum tins to dry for 48 hours at 60 °C before 
being measured and graphed. 
%N, C:N, and Stable Isotopes 
Oyster adductor muscle tissue was isolated and prepared for analysis according to 
the methods outlined in Chapter One of this study. From each collection date, five oysters 
were dissected and individually analyzed for elemental concentration and isotopic 
composition. All samples were analyzed at the University of California – Davis Stable 
Isotope Facility. The δ13C and δ15N values in native oysters at sites 4 and 11 from the 
transect collections from Chapter One (five oysters per site for each collection date) were 
averaged and used to compare the progress of the oysters transplanted from their native 
water (Site 4) to the transplant site’s (Site 11) ambient water isotope values.  
Statistics 
Linear regression was used to determine the full time in days until representation 
of ambient water values, as well as to determine if there were significant changes in water 
parameters at sites 4 and 11. All data are represented as means ±	  standard error. 
RESULTS 
Sites 4 and 11 over time 
In order to monitor how transplanted oysters changed over time, water parameters (Table 
2.1) and oysters from sites 4 and 11 (Figure 2.3) were monitored before and during the 
study, corresponding to the transect collection dates from Chapter One (July 2009, 
August 2010, November 2010, and July 2011). δ13C and δ15N, %N, and the C:N ratio 
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were plotted over time (expressed in days) where Day 0 indicates the beginning of the 
transplant study. CI was not monitored over time at sites 4 and 11. Oyster δ13C (Figure 
2.3a) remains relatively constant at approximately -17.9 ‰ ± 0.5 at Site 11. Oyster δ13C 
fluctuates slightly at Site 4, due to the influence of freshwater inflow and correspondingly 
heavier values of δ13C from riverine inputs, with an average of -22.9 ‰ ± 2.5 and no 
overlap with Site 11. Oyster δ15N remains relatively constant at both sites 4 and 11 
(Figure 2.3b), with a consistently higher δ15N at Site 4 (15.6 ‰ ± 1.0) than at Site 11 
(10.8 ‰ ± 1.2). There is a slight decrease in both C:N and %N at both sites (Figure 
2.3c,d), with the same pattern seen at both sites. There is not a strong separation between 
C:N and %N between sites. 
Condition Index, %N, and C:N ratios over time 
Over the course of the study, oysters grew in length from 6.9 ± 1.2 to 8.8 ± 1.7, 
with an average mortality rate of 19%. The condition index of the transplanted oysters 
was variable among dates, starting at 61.6 ± 0.1 on 23 November 2010, peaking at 74.6 ± 
5.5 on 3 March 2011, decreasing to 31.9 ± 0.7 on 24 May 2011, increasing to 44.5 ± 3.6 
on 24 May 2011, then decreasing again to 31.8 ± 2.6 on 27 November 2011 (Table 2.2, 
Figure 2.4). Variability between the condition indices of individual oysters during each 
collection was in some cases quite large.  
The %N of transplanted oysters fluctuated between average values from native 
Site 4 and Site 11 oysters, with no clear regression pattern (Table 2.3). C:N ratios were 
constant during the time frame of the study, averaging 2.9 ± 0.0 with no clear regression 
trend. This C:N ratio was similar to the average C:N ratios for native oysters from sites 4 
and 11 (2.9 ± 0.1 and 3.0 ± 0.1, respectively). Oysters collected in July 2009 had a higher 
composite C:N ratio than on other collection dates (Site 4: 3.7, Site 11: 3.8), bringing the 
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overall average up. Removing 2009, average C:N ratios for oysters from sites 4 and 11 
are approximately the same as those from the transplant study (2.9 ± 0.0 and 3.0 ± 0.0, 
respectively). 
δ13C and δ15N over time 
Average isotope values from Site 11 (-17.9 ‰ ± 0.5 for δ13C and 10.8 ‰ ± 1.2 for 
δ15N) were used as the benchmark for comparison with transplanted oysters. Both δ13C 
and δ15N values of transplanted oysters show clear linear changes from their original Site 
4 values to those of Site 11 over time (Figure 2.5). Using the linear regression equation, 
isotopic equilibration time of transplanted oysters in days for δ13C and δ15N were very 
similar, at approximately a year from both isotopes: 353 days for carbon and 405 days for 
nitrogen, within the range of prediction models for C. virginica in Chesapeake Bay 
(Fertig et al. 2010). Adductor muscle δ15N from Site 4 oysters collected at the beginning 
of the transplant study (15.9 ‰ + 0.1) was representative of the longer-term average δ15N 
of oysters from site 4 (15.6 ‰ + 0.1).  By the end of the study, transplanted oyster 
adductor muscle δ15N changed by ~4.4 ‰ to 11.5 ‰ ± 0.2 close to average Site 11 values 
(10.8 ‰ ± 1.2). Adductor muscle δ13C from Site 4 oysters collected at the beginning of 
the transplant study (-24.8‰ ±	  0.2)	  was more depleted than average δ13C of oysters from 
Site 4 (-22.9‰ ±	  2.5), but this difference was relatively small compared to the change in 
δ13C observed in transplanted oysters during the study. By the end of the study, 
transplanted oyster adductor muscle δ13C changed by approximately 6.9 ‰ with a value 
of  -17.8 ‰ ± 0.5, representative of Site 11 values (-17.9 ‰ ± 0.5). 
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DISCUSSION 
Past studies have shown that adductor muscle tissue in adult bivalve species 
integrates δ15N on the order of a year or more (Kreeger et al. 2003, Moore 2003, Malet et 
al. 2007, Fertig et al. 2010). These previous studies, however, were either conducted with 
different species of oysters or in different climates than those of South Texas. In this 
study, I sought to determine the time frame adult oysters in South Texas require to fully 
represent the isotopic composition (δ13C and δ15N) of the ambient water to which they are 
transplanted.  
As hypothesized, transplanted oysters were able to represent the ambient waters in 
which they were transplanted in roughly a year (Figure 2.5). Carbon isotopic 
equilibration time was slightly faster than expected, fully describing ambient water in 353 
days by linear regression. Nitrogen isotopic signatures, however, had a slightly slower 
isotopic equilibration time, fully describing ambient water in 405 days. Both carbon and 
nitrogen isotopes displayed measurable changes after the first 90 days, indicating that 
they were suspension-feeding regularly and assimilating the isotope values of the ambient 
environment. The integration rate occurred in a linear relationship, providing a simple 
reference for the time frame over which an oyster is recording information. If the 
experiment were to continue, it is expected that the tissue isotopic composition of 
transplanted oysters would level out, representing the ambient water similarly to native 
Site 11 oysters. The isotopic equilibration time is useful for understanding the average 
influence of freshwater flows and allows for a rapid assessment of estuarine ecosystem 
conditions. Changes in food sources and freshwater inflow can influence the isotopic 
composition of the oysters when these changes are sustained over long periods of time, 
but pulse events such as algal blooms or episodic freshwater inflow events will be time-
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averaged (Jennings and Warr 2003, Piola 2006). Based on the results of this study, it is 
likely that the native oysters that were utilized in Chapter One describe nitrogen influence 
and average salinity in San Antonio Bay and Aransas Bay over a period of roughly a year 
prior to their collection. 
The condition index of the transplanted oysters displayed a significant decrease 
(Figure 2.4), but still followed the same general patterns representative of a regular 
reproductive cycle of broadcast spawning (Medcof 1968, Volety et al. 2009). In 
preparation for a spawn, an oyster’s body mass “fattens” (increasing the condition index) 
before and decreases (decreasing the condition index) after spawning. This often occurs 
multiple times in the warm climate of South Texas (Galtsoff 1964, Stanley and Sellers 
1986). A second spawn may have occurred in our transplanted oysters during the latter 
collection dates. The condition index may also change due to temperature, salinity and 
predation threats, all of which can limit the amount of time that it is safe for oysters to 
feed (Medcof 1968, Volety et al. 2009). Temperature and salinity were within the range 
considered normal for oyster growth throughout the duration of the study, however, a red 
tide bloom began during the latter collections dates (October 2011-January 2012, J. 
Campbell, unpublished data) and may have limited feeding at times and decreased oyster 
health (Keppler et al. 2006). Overall, the relative changes in condition index measured in 
this study suggest that the caging for the transplant study did not cause a high level of 
stress in oysters or decrease available feeding time more so than confounding potential 
environmental explanations.  
Variability in %N is attributed to the food sources being taken up over time and, 
along with the average C:N ratio, describes the nutritional state of the oyster and what it 
consumes (Fertig 2010). Minimal changes in %N and C:N occur over the duration of the 
transplant study indicating that nutritional resources and their utilization were relatively 
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stable during this period (Table 2.3). The C:N ratio for transplanted oysters in this study 
was 2.87 ± 0.02, indicating high quality, nitrogen-rich food sources (Hill and McQuaid 
2009). Average C:N ratios for sites 4 and 11 were also low (2.91 ±  0.05 and 3.01 ±  0.05 
respectively), demonstrating that food sources were not limiting at either location (Figure 
2.3). The 2009 collection date revealed higher C:N ratios than in other collection dates, 
likely due to a shift in food sources. This was during a drought period, as discussed in 
Chapter One, and could indicate a larger detrital food source component. 
Broader Context 
Oysters are a keystone species in estuarine ecosystems, providing many 
ecosystem services such as the removal of particles from the water column via 
suspension-feeding which increases water quality and limits algal blooms (Newell 1988, 
Burrows et al. 2005). Oysters and other bivalves have already been identified as useful 
proxies of the ‘health’ status of the ambient waters in which they live and transplanted 
oysters have been utilized to determine sources of eutrophication (Savage 2004, Fertig 
2009, Daskin et al. 2008, Lassauque 2010). Native, non-transplanted oysters can also be 
utilized to provide a general idea of conditions in a given area (McClelland and Valiela 
1998, Fry 1999, Jennings and Warr 2003). In this study, I examined transplanted oyster 
adductor muscle tissue to determine the isotopic equilibration time of native adult C. 
virginica in South Texas and found equilibration time to equal roughly a year, with 
observable changes within 90 days. Understanding the isotopic equilibration time of 
adductor muscle tissue strengthens the use of C. virginica as an indicator for bay “health 
status” studies, particularly in understanding long-term changes in nitrogen concentration 
due to altered freshwater inflow. Future studies that reveal processes that affect 
integration rate or the differences between specific tissues’ isotopic equilibration time 
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will further increase the utility of this species to monitor changes in estuarine 
environments at varying temporal scales. 
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Table 1.1: Isotope values and calculated freshwater fraction for each transect site by date. 
Freshwater fraction was calculated using reference values: riverine 
concentration (CR) = 1,250 µM, marine concentration (CO) = 2,000 µM, 
riverine δ13C (δR) = -10 ‰ and an oyster tissue-derived marine δ13C (δO) =  
2 ‰. δ13C (δmix) was measured oyster isotopic composition. Negative 
values for freshwater fraction are the result of an average marine end-
member δ13C and are considered to represent marine water. 
Site Collection Date Adductor Muscle 
δ
13
C (‰) 
Adductor Muscle 
δ
15
N (‰) Freshwater fraction 
1 July 2009 
August 2010 
November 2010 
July 2011 
-22.67 
- 
- 
- 
15.57 
- 
- 
- 
0.50 
- 
- 
- 
2 July 2009 
August 2010 
November 2010 
July 2011 
-21.22 
-24.81 
-25.94 
-23.12 
14.63 
15.13 
15.50 
15.54 
0.37 
0.68 
0.76 
0.54 
3 July 2009 
August 2010 
November 2010 
July 2011 
-20.38 
-23.59 
-25.27 
-22.26 
13.52 
15.89 
15.56 
15.02 
0.28 
0.58 
0.71 
0.47 
4 July 2009 
August 2010 
November 2010 
July 2011 
-20.48 
-22.97 
-24.76 
-22.77 
14.52 
15.87 
15.85 
15.77 
0.29 
0.53 
0.67 
0.51 
5 July 2009 
August 2010 
November 2010 
July 2011 
-21.25 
-23.05 
-24.93 
-22.78 
14.15 
16.00 
15.56 
15.62 
0.37 
0.54 
0.69 
0.51 
6 July 2009 
August 2010 
November 2010 
July 2011 
-20.19 
-21.40 
-23.19 
-21.95 
13.02 
14.32 
14.36 
14.68 
0.26 
0.39 
0.55 
0.44 
7 July 2009 
August 2010 
November 2010 
July 2011 
-19.87 
-20.39 
-22.47 
-21.15 
13.00 
13.95 
13.68 
13.68 
0.23 
0.28 
0.49 
0.36 
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Table 1.1 (continued): 
  
8 July 2009 
August 2010 
November 2010 
July 2011 
-19.86 
-20.87 
-22.28 
-21.11 
12.22 
13.41 
13.55 
13.14 
0.23 
0.33 
0.47 
0.36 
9 July 2009 
August 2010 
November 2010 
July 2011 
-17.21 
-17.68 
-19.32 
-18.63 
8.72 
10.94 
11.21 
10.77 
-0.11 
-0.04 
0.17 
0.08 
10 July 2009 
August 2010 
November 2010 
July 2011 
-17.23 
-17.41 
-18.43 
-17.20 
8.93 
10.46 
10.90 
9.78 
-0.11 
-0.08 
0.06 
-0.11 
11 July 2009 
August 2010 
November 2010 
July 2011 
-17.46 
-17.94 
-18.28 
-17.84 
9.72 
11.22 
11.49 
10.40 
-0.07 
0-.01 
0.04 
-0.02 
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Table 2.1: Water parameters at sites 4 and 11 over time. Nutrient concentrations are 
generally low, salinity fluctuates with amount of freshwater inflow, and 
temperature varies seasonally. 
Site 4 NO3 (µM) NH4 (µM) PO4 (µM) Salinity Temperature 
June 2009 1.9 ± 0.0 0 ± 0.0 0.4 ± 0.0 24.38 31.3 
August 2010 9.6 ± 0.2 0 ± 0.0 1.0 ± 0.0 8.77 30.95 
November 2010 0 ± 0.0 0.3 ± 0.0 0.1 ± 0.0 14.6 20.96 
July 2011 0.3 ± 0.0 0 ± 0.0 0.6 ± 0.0 25.68 30.07 
 
Site 11 NO3 (µM) NH4 (µM) PO4 (µM) Salinity Temperature 
June 2009 2.6 ± 0.0 2.6 ± 0.0 11.3 ± 0.0 36.13 Not collected 
August 2010 0 ± 0.0 0 ± 0.0 0.1 ± 0.0 35.16 31.16 
November 2010 0.3 ± 0.0 0.3 ± 0.0 0.1 ± 0.0 31.6 21.46 
July 2011 0.7 ± 0.0 0 ± 0.0 0 ± 0.0 33.28 31.3 
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Table 2.2: Calculation of the condition index where (dry mass*1000)/cavity volume. Five 
oysters were measured and results were averaged (except on 23/11/10, 
which is an average of two oysters due to measurement error). 
Collection 
Date 
Dry Mass 
(g) 
Cavity 
Volume (cm3) 
Condition Index Average Condition 
Index 
23/11/10 1.05 
1.20 
16.97 
19.56 
61.71 
61.49 
61.60 ± 0.11 
3/3/11 2.03 
1.38 
1.23 
0.99 
2.85 
28.88 
15.55 
21.86 
13.09 
34.82 
70.18 
88.60 
56.47 
75.72 
81.86 
74.57 ± 5.47 
24/5/11 0.82 
0.51 
0.91 
1.25 
0.71 
23.89 
16.34 
29.28 
37.93 
23.49 
34.12 
30.98 
31.04 
32.93 
30.23 
31.86 ± 0.72 
24/8/11 1.21 
1.62 
1.65 
1.52 
0.99 
30.65 
28.80 
36.22 
32.59 
28.35 
39.48 
56.25 
45.42 
46.69 
34.83 
44.53 ± 3.62 
27/11/11 1.10 
0.73 
0.92 
1.06 
0.59 
27.78 
28.86 
27.75 
31.36 
21.96 
39.72 
25.28 
33.02 
33.86 
26.98 
29.78 ± 1.92 
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Table 2.3: %N, and C:N ratio in oysters transplanted for the integration study are similar 
throughout the experiment (r2 = 0.00, p = 0.75, and r2 = 0.01, p = 0.57). 
Collection date Average %N Average C:N ratio 
27/11/10 13.67 ± 0.06 2.87 ± 0.01 
3/3/11 13.09 ± 0.06 2.86 ± 0.02 
24/5/11 12.80 ± 0.59 2.86 ± 0.04 
24/8/11 13.55 ± 0.17 2.87 ± 0.02 
27/11/11 13.29 ± 0.17 2.89 ± 0.03 
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Figure 1.1: Through suspension feeding, oysters consume local food sources, and become 
isotopically representative of the ambient water. Isotopic fractionation from 
dissolved inorganic carbon (DIC) to oyster tissues is 20-21 ‰ for carbon. The 
oyster’s food sources assimilate dissolved inorganic nitrogen (DIN). Isotopic 
fractionation of nitrogen from suspended particulate organic matter (SPOM) or 
other food sources to oyster tissues is 3-4 ‰.  
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Figure 1.2: South Texas bays within the study area and the boundaries of the Mission-
Aransas National Estuarine Research Reserve (Mission-Aransas NERR). 
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Figure 1.3: San Antonio River and Guadalupe River watershed boundaries with DIC end-
member and transect collection sites. 
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Figure 1.4: Transect collection sites and study area. 
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Figure 1.5: Differences in freshwater inflow in the Guadalupe and San Antonio rivers (a) 
and the Mission and Aransas rivers (b) during the time frame of this study 
and one year prior (July 2008-July 2011). Discharge measurements are 
based on daily averages. 
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Figure 1.6: Salinity in the project area in July 2009 (top) and August 2010 (bottom), 
representing the widest extremes of salinity during the time frame of this 
study. Daily salinity point data (filled circles) were collected from various 
sources, values for unmonitored areas were interpolated using inverse 
distance weighting (IDW) in ArcGIS. 
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Figure 1.7: Snapshot water column nutrient concentrations (µM) of (a) nitrate, (b) 
ammonium, and (c) phosphate by salinity, shown for all collection dates. 
Concentrations of all nutrients are low (most below 0.2 µM or the limit of 
detection).   
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 Figure 1.8: Particulate organic matter (POM) δ13C versus salinity (r2 = 0.68, p < 0.001) 
for all collection dates (except July 2009). 
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 Figure 1.9: POM δ15N along the salinity gradient (r2 = 0.60, p = 0.010) for all collection 
dates (except July 2009). 
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Figure 1.10: Variation in oyster adductor muscle δ13C values as a function of salinity (r2 = 
0.65, p = 0.002).  
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Figure 1.11: Correlation between freshwater fraction calculated by snapshot salinity 
measurements and calculated by the δ13C of time-integrated oyster tissue 
(δ13C-calculated freshwater fraction). Results did not significantly differ 
from the 1:1 line (denoted by the dotted line), indicating that the two 
calculation methods are comparable to one another (r2 = 0.63, p = 0.14).  
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Figure 1.12: There is a strong correlation between δ13C-calculated freshwater fraction and 
δ15N in oyster adductor muscle tissue (r2 = 0.89, p < 0.001). Negative values 
for freshwater fraction are an artifact of the approximation of the marine and 
freshwater end-members in the calculations used in this study. Bars above 
the correlation describe the freshwater fraction by site for all collection 
dates. San Antonio Bay includes sites 1-5, Aransas Bay 6-9, and the Ship 
Channel 10-11. 
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Figure 1.13: Oyster whole body δ15N vs. oyster adductor muscle δ15N. The two tissue 
types are very similar to one another and did not statistically differ from the 
1:1 line (denoted by the dotted line) (r2 = 0.87, p = 0.69). A correction offset 
for comparison between muscle and whole body tissues can be calculated 
using the regression equation in the figure. 
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Figure 1.14: Oyster tissue δ15N vs. δ13C-calculated freshwater fraction. There is a strong 
correlation between freshwater fraction and δ15N in oyster whole body 
tissues (r2 = 0.83, p < 0.001). Muscle tissue is shown for comparison (r2 = 
0.89, p < 0.001). Data is for all collection dates at sites 2, 4, and 11.  
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Figure 2.1: Location of transect sites used in the integration study. Oysters from Site 4 
were transferred to cages at Site 11. 
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Figure 2.2: Plastic mesh cages used for the incorporation study, these were suspended so 
that the bottom of the cage was approximately one meter below surface at 
low tide. 
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 Figure 2.3: Average isotopic composition of native oyster samples from Site 4 (open 
circles, dashed line) and Site 11 (closed circles, solid line) over time (see 
Chapter One collection dates). Negative dates indicate transect collection 
dates carried out before the integration study began. 
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Figure 2.4: Average condition index (mean ± S.E.) of transplanted oysters over time (r2 = 
0.44, p < 0.001).  
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 Figure 2.5: Isotope values of oyster muscle tissue over time. If linear trends continue, it 
would take approximately a year for oysters to represent the ambient waters 
to which they are transplanted: 353 days for carbon (r2 = 0.93), 405 days for 
nitrogen (r2 = 0.91). Mean ± S.E. for oyster muscle tissue isotope values 
from Chapter 1 collections for the transplant sites, sites 4 and 11, are shown. 
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Appendices 
APPENDIX A 
The freshwater end-members (San Antonio and Guadalupe rivers) and marine 
end-members (Intracoastal Waterway) were sampled in triplicate once during the study to 
determine if values of dissolved inorganic carbon (DIC) concentration and δ13C as 
reported in the literature (Table A) are representative of the two rivers and the marine end 
of the transect. I used reference values as reported by Fry (2002) that were an average of 
cited literature values (-10 ‰ for freshwater and 0 ‰ for marine water).  
Freshwater end-member samples were collected on the San Antonio and 
Guadalupe rivers above tidal influence on 19 December 2011. Marine water was 
collected from the Port Aransas ship channel off the Mustang Island jetty during flood 
tide on 21 December 20ll (Table A1). 
Water from each site was syringe-filtered through 0.7 µm 25 mm Whatman GF/Fs 
into three acid-washed 100 mL crimp vials and sealed. Two drops of 0.1 M CuCl2 were 
placed into each vial before being filled to ensure biological activity would not influence 
the DIC measurement. Samples were sent to the University of Arizona Stable Isotope 
Facility for analysis of DIC δ13C on a ThermoQuest DeltaPlus XL continuous flow gas-
ratio mass spectrometer coupled to a Finnigan Gasbench automated sampler (precision 
for δ13C was 0.3 ‰). 
A flow-weighted average was used to describe the isotopic composition of the 
combined water from the two rivers using average daily flow from the dates of collection: 
 
Flow-weighted mean isotopic composition = Σ δitiqi / Σ tiqi 
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Where δi was the isotopic composition of each river, ti was the time window (1 day) and 
qi was the average flow at the sampling site as determined from USGS Hydrographs 
(11.0 m3/s for the San Antonio River and 12.32 m3/s for the Guadalupe River). 
End-member DIC δ13C for the Guadalupe River, the San Antonio River, and the 
Port Aransas ship channel was measured as -7.2 ‰, -9.3 ‰ and -3.15 ‰ respectively 
(Table A2). The flow-weighted average isotopic composition of the combined influence 
of the two freshwater end-members was -8.19 ‰. Measured values were in slight 
disagreement with the literature, however this could be due to measurements made from 
one discrete sampling set, and seasonal effects cannot be excluded. Processes that affect 
DIC δ13C and concentration require further experimentation that is beyond the scope of 
this study. We continued to use reference values for this study. 
 
Table A1: Literature values of DIC δ13C and concentration for freshwater, estuarine and 
marine sources (modified from Kaldy et al. 2005). N.R. means no values were 
recorded. 
 
End-member name (type) DIC δ
13
C 
(‰) 
Concentration 
DIC (µM) Reference Source 
Neches River (freshwater) -14.2  500 Kaldy et al. 2005 
Sabine River (freshwater) -11.2 600 Kaldy et al. 2005 
Trinity River (freshwater) -5.1 N.R. Salata et al. 2000 
Apalachicola River 
(freshwater) 
-12.6 850 Chanton and Lewis 1999 
Wilmington/Savannah 
River (estuary gradient) 
-10 to 1  N.R. Brandes 2009 
Sabine-Neches (estuary) -14 to -3  500-3,000 Kaldy et. al 2005 
Breton Sound (estuary) -8  to -4 N.R. Wissel and Fry 2005 
Blackwater River in 
November (estuary) 
-15 to -6.4 1,350-2,860 Atekwana et al. 2003 
 69 
Table Al (continued): 
 
Blackwater River in May 
(estuary) 
-11.7 to -1.6 1,680-3,760 Atekwana et al. 2003 
Franklin Reef/ 
Apalachicola Bay (marine) 
-0.8 1,970 Chanton and Lewis 1999 
Gulf of Mexico (marine) -0.5 N.R. Salata et al. 2000 
Continental Slope (marine) 0 1,940 Coffin and Cifuentes 
1999 
 
Table A2: Coordinates and measured DIC δ13C of DIC end-members. The San Antonio 
River and Guadalupe River (freshwater end-members) were sampled at points 
above tidal influence. The Intracoastal Waterway (marine end-member) was 
sampled as the tide was coming in. Numbers are averages of two water samples. 
Future studies will explore the relationship of DIC δ13C and concentration to 
seasonal changes and evaporation effects. 
 
End-member name (type) Latitude (DD) 
Longitude 
(DD) 
DIC δ
13
C  (‰) 
Guadalupe River (freshwater) 28.65 -97.38 -7.2 
San Antonio River (freshwater) 28.79 -97.01 -9.3 
Intracoastal Waterway(marine) 27.83 -97.04 -3.15 
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APPENDIX B 
 
Table B1: GPS points of transect sites. Site 1 is closest to the river mouth, Site 11 is 
located in the University of Texas Marine Science Institute marina. 
 
Site Number Latitude (DD) Longitude (DD) 
1 28.40 -96.74 
2 28.35 -96.71 
3 28.30 -96.70 
4 28.28 -96.72 
5 28.24 -96.78 
6 28.15 -96.90 
7 28.11 -96.93 
8 28.07 -96.97 
9 27.98 -96.99 
10 27.86 -97.06 
11 27.84 -97.05 
 
Table B2: Comparisons of the freshwater fraction as calculated by salinity (clear) or δ13C 
in oyster tissues (shaded). 
 
Site 
Number 
July 2009 August 2010 November 2010 July 2011 
1 0.46 0.50 0.93 - 0.64 - 0.59 - 
2 0.28 0.37 0.76 0.68 0.63 0.76 0.22 0.54 
3 0.31 0.28 0.69 0.58 0.58 0.71 0.27 0.47 
4 0.30 0.29 0.75 0.53 0.50 0.67 0.24 0.51 
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Table B2 (continued) 
  
5 0.08 0.37 0.58 0.54 0.67 0.69 0.26 0.51 
6 0.05 0.26 0.52 0.39 0.54 0.55 0.17 0.44 
7 0.02 0.23 0.52 0.28 0.44 0.49 0.15 0.36 
8 0.02 0.23 0.52 0.33 0.40 0.47 0.16 0.36 
9 0.00 -0.11 0.31 -0.04 0.19 0.17 0.09 0.08 
10 -0.07 -0.11 -0.01 -0.08 0.18 0.06 0.05 -0.11 
11 -0.03 -0.07 0.00 -0.01 0.10 0.04 0.05 -0.02 
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APPENDIX C 
 
Table C1: Carbon and nitrogen concentrations (SPOM) or percentages (oyster tissues), 
and C:N ratio of SPOM and oyster tissues. 
 
                                                     SPOM                                Oyster Tissue 
Site Date C 
(µM) 
N 
(µM) 
C:N %C %N C:N 
1 July 2009 
August 2010 
November 2010 
July 2011 
- 
14.88 
15.44 
15.47 
- 
2.77 
2.85 
3.16 
- 
5.37 
5.42 
4.89 
44.81 
- 
- 
- 
14.39 
- 
- 
- 
3.63 
- 
- 
- 
2 July 2009 
August 2010 
November 2010 
July 2011 
- 
12.28 
22.40 
7.91 
- 
2.58 
3.48 
1.76 
- 
4.76 
6.44 
4.49 
44.23 
46.15 
46.00 
44.19 
13.76 
14.06 
13.58 
13.19 
3.75 
2.81 
2.90 
2.87 
3 July 2009 
August 2010 
November 2010 
July 2011 
- 
13.41 
12.54 
12.34 
- 
2.62 
2.39 
2.01 
- 
5.12 
5.25 
6.12 
43.62 
45.12 
45.16 
44.31 
13.50 
13.45 
13.44 
13.25 
3.77 
2.87 
2.88 
2.87 
4 July 2009 
August 2010 
November 2010 
July 2011 
- 
16.11 
14.96 
14.20 
- 
2.77 
2.49 
2.04 
- 
5.81 
6.01 
6.96 
44.21 
45.78 
45.83 
44.61 
14.10 
13.92 
13.66 
13.28 
3.66 
2.82 
2.87 
2.88 
5 July 2009 
August 2010 
November 2010 
July 2011 
- 
14.59 
16.25 
10.98 
- 
3.41 
4.25 
2.17 
- 
4.28 
3.82 
5.07 
43.38 
45.19 
45.30 
43.95 
14.06 
13.56 
13.34 
12.95 
3.60 
2.86 
2.91 
2.91 
6 July 2009 
August 2010 
November 2010 
July 2011 
- 
12.77 
10.94 
10.74 
- 
2.99 
2.25 
1.63 
- 
4.27 
4.86 
6.60 
43.89 
44.57 
46.43 
44.54 
14.08 
13.27 
13.56 
13.53 
3.64 
2.88 
2.94 
2.82 
7 July 2009 
August 2010 
November 2010 
July 2011 
- 
11.25 
8.59 
9.44 
- 
2.41 
2.03 
1.37 
- 
4.67 
4.23 
6.89 
42.44 
44.49 
45.85 
43.29 
13.50 
13.48 
13.64 
13.09 
3.67 
2.83 
2.88 
2.84 
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Table C1 (continued): 
 
8 July 2009 
August 2010 
November 2010 
July 2011 
- 
15.98 
- 
8.38 
- 
3.11 
1.42 
1.61 
- 
5.13 
- 
5.22 
42.19 
44.34 
45.88 
43.95 
13.30 
13.42 
13.62 
13.10 
3.70 
2.83 
2.89 
2.88 
9 July 2009 
August 2010 
November 2010 
July 2011 
- 
18.42 
- 
13.23 
- 
3.65 
2.69 
1.91 
- 
5.04 
- 
6.92 
42.35 
43.90 
45.68 
42.94 
13.31 
13.05 
13.53 
12.87 
3.71 
2.88 
2.89 
2.86 
10 July 2009 
August 2010 
November 2010 
July 2011 
- 
15.00 
9.57 
8.63 
- 
- 
1.83 
1.34 
- 
- 
5.23 
6.43 
41.46 
42.45 
44.81 
43.38 
12.72 
12.21 
13.02 
13.04 
3.80 
2.98 
2.95 
2.85 
11 July 2009 
August 2010 
November 2010 
July 2011 
- 
15.56 
8.25 
14.24 
- 
- 
2.10 
1.95 
- 
- 
3.93 
7.29 
41.92 
43.46 
43.05 
41.66 
12.96 
12.68 
12.29 
12.22 
3.77 
2.94 
3.01 
2.93 
 
Table C2: Average isotopic values of adductor muscle tissue (mean ± S.E.) composited 
from five individual oysters from each of sites 2, 4, and 11. Variability between 
individual oysters at a given site was low. 
 
Season Site δ
13
C (‰) δ
15
N (‰) 
August 2010 Site 2 -24.65 ± 0.14 15.56 ± 0.12 
Site 4 -23.50 ± 0.24 16.07 ± 0.11 
Site 11 -18.04 ± 0.08 11.55 ± 0.18 
November 
2010 
Site 2 -25.94 ± 0.08 15.50 ± 0.07 
Site 4 -24.76 ± 0.19 15.85 ± 0.07 
Site 11 -18.28 ± 0.25 11.49 ± 0.15 
July 2011 Site 2 -23.12 ± 0.09 15.54 ± 0.08 
Site 4 -22.77 ± 0.24 15.77 ± 0.18 
Site 11 -17.84 ± 0.11 10.40 ± 0.26 
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APPENDIX D 
C:N ratios have been shown to correlate with lipid content in tissues, and Post et 
al. (2007) suggests that marine organism samples should have corrected δ13C values 
when the C:N in the sample tissues is greater than 3.5. All samples in 2009 and one 
sample in 2011 exceeded this recommended ratio, so a lipid normalization calculation 
was computed for these samples using the equation: 
 
δ13Cnormalized = δ13Cuntreated - 3:32 + (0.99)(C:N) 
 
Corrections revealed slightly heavier δ13C values, but not significantly different 
from the 1:1 line (H0: β1 = 1) and  δ13C values were not corrected for lipid content. 
 
 
Figure D1: Oyster adductor muscle δ13C (mean ± S.E.) before versus after lipid 
normalization for samples with C:N ratio higher than 3.5. Values were similar 
before and after normalization and were not significantly different from the 1:1 
line (r2 = 1.00, p = 0.35). 1:1 line is denoted by the dotted line. 
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